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Motivation

• Highly oxidized organic aerosol incredibly important around the globe.

[Jimenez, et al., Science 2009]
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• SOA mass yields increase with increasing SOA mass.
• Odum showed this means SOA is semi-volatile.

[Presto, et al., ES&T. 2006]
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Chamber Dilution Experiments:                                         
 Experiment # 1: DR = 3, then 8; Total Time: 1 hr

 Experiment # 2: DR = 80; Total Time: 4.8 hrs

 Experiment # 3: DR = 31; Total Time: 3.7 hrs

!!Yield Experiment 

            Curve

Dilution Sampler Data
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• α-pinene SOA evaporates after dilution.
• SOA remains semi-volatile after formation (in chambers).

[Grieshop, et al., GRL 2007]
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α-pinene SOA Interpretation
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Mass and Molecules Interpreted in 2-Dimensional Space
• Molecules shown (mostly) can be measured via MS (PTRMS or API-MS).

[Donahue, et al., in prep]
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Ambient OOA Interpretation

log10 (C*) (saturation concentration, µg m−3)
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Table 5. α-/β-pinene SOA constituents discovered since 2005: chemical structures and
names; laboratory studies in which isoprene SOA tracers were investigated and specific con-
ditions; and field studies in which the tracers have been identified or detected, and, in some
cases, also quantified.
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Table 5. Continued.
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d reported as 3-carboxy heptanedioic acid
e reported as norpinic diperoxy acid
f reported as 2-hydroxy-4-isopropyladipic acid
g reported as 2-hydroxy-4-isopropyladipic acid
h reported as nitro-pinonaldehyde sulfate/nitro-pinonaldehyde

sulfonate/nitrooxy-pinonaldehyde sulfonate derivatives
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• Chamber SOA insufficiently oxidized and too volatile for ambient observations.
• Aging moves SOA toward OOA.

[Jimenez et al., Science, 2009]
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Chamber OA is NOT Ambient OA2264 R. Holzinger et al.: Aerosol analysis using a TD-PTR-MS

! "#
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-)(5658! ,A8-CD.! -B1! C3-4A)(<&)B)(-2)1! -)(5658! ,5(-B&).+! E3-4A)(! -)(5658! %6! 4'C3! 45()!
Fig. 9. (a) Averaged thermograms for all masses measured with
a TD-PTR-MS for ambient aerosol (black) and chamber-generated
aerosol (orange). Chamber aerosol is much more volatile. (b) Ther-
mograms during the different meteorological conditions. Red cir-
cles: 9–12 May; green triangles: 13–26 May; blue diamonds: 17–
20 May. (c) Sub-division of the ambient aerosol thermograms into
different mass ranges. See text for discussion.

Note that the background measurements during the field
campaign had issues for both the gas phase and the aerosols.
Many compounds showed unrealistically high concentrations
during the gas phase background measurements due to a
malfunctioning pressure controller that failed to compensate
for the higher resistance of the inlet line when the air was
streamed through the catalytic converter. The effect was a
lower pressure in the drift tube and therefore the short-term
contamination from the aerosol measurements contributed
disproportionately to the background signal. Such an ele-
vated background signal has been observed for many masses;
an example can be seen in the second panel of Fig. 8 were
the gas phase background of mass 69 is above the values of
ambient air. The aerosol background measurements do not
account for effects from semi-volatile gas phase compounds
that may also stick to the walls of the CTD cell and may

evaporate along with aerosol compounds during the analysis.
Ideally the aerosol background is determined by loading the
CTD cell through a filter that removes aerosols but not gas
phase compounds before the background measurement.

3.3 Comparison of thermograms obtained from cham-
ber aerosol with thermograms obtained from ambi-
ent aerosol

Figure 9a juxtaposes the average thermograms (mass range
was 30–220Da) obtained from chamber SOA and from am-
bient samples. The first and most striking feature of these
data is that the chamber SOA evaporates at much lower tem-
peratures than ambient OA samples. The lab SOA does not
look like ambient OA. This finding applies to SOA generated
in the lab from reactions of ozone and α-pinene, limonene,
and β-caryophyllene, and likewise to ambient OA obtained
under clear and rainy “continental” and clear “marine” con-
ditions.
Figure 9b shows that the thermograms of ambient aerosol

are different for the three source regions. The photochemi-
cally younger aerosol from the 13–16 May period is slightly
more volatile than the more aged aerosol from the 9–12 May
period. Both these periods are significantly more volatile
than the (presumably) very aged aerosol sampled during the
period of marine influence (17–20 May).
Average thermograms of different mass ranges from am-

bient data are shown in Fig. 9c. As compared to electron-
ionization typically employed in aerosol mass spectrometry
(AMS), our TD-PTR-MS data are substantially less frag-
mented, with numerous large peaks in the 100–220Da range.
Thus we can potentially gain some insight into the molecular
weight of the compounds evolving from the thermal desorp-
tion sampler. Nonetheless, the TD-PTR-MS data also con-
tain a significant mass fraction in relatively light fragments,
below 100Da. Molecules of this low molecular weight
are highly unlikely to be found in the condensed phase as
monomers (Pankow and Asher, 2008), and so it is very likely
that these are fragments produced either after proton trans-
fer or during thermal desorption. Consistent with this hy-
pothesis, the lightest fractions in Fig. 9c evolve at the high-
est temperatures, suggesting that these are indeed associated
with the least volatile organics in the sample. An interest-
ing parallel is found in AMS thermodenuder data, where the
OOA factors are dominated by low molecular weight frag-
ments but also are much less volatile than the more reduced
primary aerosol (HOA), which in turn has a characteristic
“picket fence” spectrum extending out to relatively highm/z

(Huffman et al., 2009; Zhang et al., 2007).
The comparison of thermograms clearly shows that con-

ventional chamber SOA experiments do not produce organic
aerosol that looks like ambient OA samples from the per-
spective of the TD-PTR-MS system. Even the most volatile
molecular weight fraction (161–219Da) from the ambient
data is much less volatile than the chamber aerosol. The

Atmos. Chem. Phys., 10, 2257–2267, 2010 www.atmos-chem-phys.net/10/2257/2010/

• Not just an AMS thing!
• Thermal desorption PTRMS very different (Cabauw vs Max Planck SOA).

[Holtzinger et al., ACP 2010]
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Anthropogenic (Toluene) SOA
L. Hildebrandt et al.: High formation of secondary organic aerosol from toluene 2983

that case increased COA will result in a reduced %44. Con-
versely, in oxidized systems that are already dominated by
low-volatility material (for example diesel emission), %44
increases with COA (Sage et al., 2007). The signature of a
fixed product distribution (i.e. ozone + terpenes) is thus often
a decrease in %44 with a large increase in COA while the sig-
nature of chemical aging (i.e. evaporated primary emissions)
is a sharp increase in %44 with a modest increase in COA.
It appears that the toluene system may be a mixture of these
two phenomena.
Even though %44 does not change after the first hour of an

experiment, there is significant variability in %44 between
experiments, as noted in Figs. 7–9 and summarized in Ta-
ble 1. The oxidation state of the aerosol, represented by %44,
is higher for experiments conducted at higher temperature
(Experiment 6 vs. 5 and experiment 10 vs. 9). This is con-
sistent with the notion that less oxidized compounds (lower
%44) have higher volatility, resulting in less net condensa-
tion of these products to the aerosol phase. There is no clear
trend in %44 in the low- versus high-NOx experiments of this
study. This is not inconsistent with the mass-yield data since
lower volatility (and therefore higher mass yields) can be
caused by increased branching, not just increased oxidation
of the aerosol products. Aerosol formed under higher pho-
tochemical activity (more UV lights, experiment 3) is more
oxidized (higher %44) than aerosol formed under lower pho-
tochemical activity (experiment 1). This variation in %44 be-
tween experiments indicates that the product distribution of
SOA formed from toluene photo-oxidation may depend on
experimental conditions. The range of different %44 mea-
sured in these experiments (6% to 14%), corresponds to an
approximate range in O/C of 0.3 to 0.6 using Eq. (11), and
they are within the range of %44 observed in the ambient
atmosphere (∼3%–25%, Aiken et al., 2008).

3.4 Volatility of SOA

Volatility measurements show that the aerosol formed under
low- and high-NOx conditions is clearly semi-volatile. Un-
der high-NOx conditions, approximately 60% of the organic-
aerosol mass evaporates at 38◦C and 16.5 s centerline resi-
dence time (experiment 13). Under low-NOx conditions ap-
proximately 55% of the organic aerosol mass evaporates at
39◦C and 16.5 s residence time (experiment 8) and more than
90% of the organic aerosol mass evaporates at 52◦C. This be-
havior is inconsistent with the suggestion of Ng et al. (2007)
that the toluene SOA under low-NOx conditions could be de-
scribed by a single, non-volatile product. This illustrates the
difficulty of interpreting yield data for this complex system.
The observation that the aerosol is semi-volatile is consis-
tent with the presence of a yield-dependence on temperature.
The product distribution of the SOA seems to change upon
heating, as %44 is higher in the aerosol after the thermod-
enuder than in the aerosol after the bypass line. In exper-
iment 8, %44 was about 20% higher in the thermodenuder
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Fig. 10. Summary of experimental data at 20◦C under low-NOx
(top panel) and high-NOx (bottom panel) conditions. The yield pa-
rameters consistent with these data (suggested new parameters) are
much higher than those currently used in air-quality models (histor-
ical parameters). Historical organic aerosol yields (y-axis) and total
organic aerosol concentration (x-axis) used for the historical yield
curve were multiplied by an organic aerosol density of 1.4 g cm−3
for better comparison with the experimental data, which were de-
rived from direct mass measurements.

aerosol than in the bypass aerosol when the thermodenuder
temperature was 52◦C, and about 10% higher when the tem-
perature was 39◦C. We plan to characterize the volatility of
organic aerosol formed from toluene photo-oxidation more
thoroughly in future work.

3.5 Comparison to previous studies

The yields observed in these experiments are higher than
those reported previously. Potential explanations for differ-
ences between older studies and the more recent studies were
addressed in Sect. 1.1. Here we shall focus on the relatively
smaller differences between the present study and the recent
studies of Ng et al. (2007, solid circles).
The top panel of Fig. 10 compares the results from our

low-NOx experiments conducted at 20◦C and the low-NOx
experiments conducted by Ng et al. (2007) at similar tem-
peratures. Quantitatively, the results from these two stud-
ies agree reasonably well. However, the qualitative behavior
of aerosol yield with organic aerosol concentration is differ-
ent: the yields observed in this study increase steadily with

www.atmos-chem-phys.net/9/2973/2009/ Atmos. Chem. Phys., 9, 2973–2986, 2009

The era of rising yields (JHS):
• Higher SOA from toluene under both high and low NOx.

[Hildebrandt, et al., ACP, 2009]
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Do Biogenic and Anthropogenic SOA Mix?

13C-toluene  !-pinene  D-toluene  

Is the COA in ξi = 1

1+
C∗i

COA

the sum of all OA? All SOA??

[Hildebrandt, et al., in prep]
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Toluene SOA in α-pinene SOA

• Toluene SOA does mix with α-pinene SOA.
• Approximately ideal, within uncertainty in wall-loss corrections.

[Hildebrandt, et al., in prep]
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HOOH as OH Scavenger: α-pinene SOA
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 2-butanol, this work
 Pathak, et al. (2007)
 Presto, et al.  (2006)
 Shilling, et al. (2008)

• HOOH + OH → H2O + HO2.
• More SOA at 100-1000 µgm−3.
• Consistent with peroxides (ROOH).

[Henry, et al.,AS&T submitted]
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Limonene + Ozone SOA (excess Limonene)
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• 2D NMR shows expected product functionality.

[Maksymiuk, et al., PCCP, 2009]
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Modeling Rev 1: (PMCAMX 2007)

[Murphy and Pandis, ES&T, 2009]
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Seasonal Variation: (PMCAMX 2007)
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Aging Motivation
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• The large majority of SOA products from α-pinene + O3 are vapors.
• Many have very low vapor pressure.
• What happens to these vapors when ·OH comes calling?

[Donahue, et al., Atm. Env. 2009]
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Semivolatile OH Lifetimes
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• Generate structures averaging dO/dH = -1, use Atkinson k SAR.
• Gas-phase OH lifetime of SV vapors is very short.
• Semi-volatile vapors are not long for this world.

[Donahue et al., in prep]

16



Aging Design

Time → 

Ozone only OH added

aging effectα-pinene
aerosol

HO

O

O

OH
O

O

OH

Table 5. α-/β-pinene SOA constituents discovered since 2005: chemical structures and
names; laboratory studies in which isoprene SOA tracers were investigated and specific con-
ditions; and field studies in which the tracers have been identified or detected, and, in some
cases, also quantified.
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Table 5. Continued.
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a H2O2,HONO and NOx serve as OH radical sources in phootoxidation experiments. NO2+O3
reaction serves as NO3 radical source in dark experiments. The VOC is only injected after
the latter reaction is close to completion.

b reported as 3-isopropyl-1,2-dihydroxybutanol
c reported as MW 204
d reported as 3-carboxy heptanedioic acid
e reported as norpinic diperoxy acid
f reported as 2-hydroxy-4-isopropyladipic acid
g reported as 2-hydroxy-4-isopropyladipic acid
h reported as nitro-pinonaldehyde sulfate/nitro-pinonaldehyde

sulfonate/nitrooxy-pinonaldehyde sulfonate derivatives

3746

Very simple experimental design:
• Form α-pinene + O3 SOA (usually no scavenger).
• Initiate OH source after all α-pinene gone.
• Watch for (sudden) changes.

[Donahue, et al., in prep]
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Unadulterated Results (PSI)
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Uncorrected AMS organics with HONO photolysis:
• Sharp increase in SOA after OH turned on.
• Is it 10 µg m−3 or a doubling?
• What goes on with the walls?
• (Note – undulation is real, due to T control, more proof this is semi-volatile!)

[DeCarlo, et al., in prep]
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PSI HONO + hν
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Aerosol Formation

Xe Lights On
OH Aging via HONO

70

60

50

40

30

20

10

0

W
a
ll 

L
o
ss

 C
o
rr

e
c
te

d
 O

rg
a
n
ic

 M
a
ss

 (
µ
g
 m

-3
)

86420

Time from Ozonolysis (hours)

 Wall Deposited Particles Grow

 Suspended Particles Only Grow

Corrected for wall loss:
• No matter how you slice it, a big change in SOA.
• Different lines based on whether wall-deposited particles grow.

[DeCarlo, et al., in prep]
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CMU HONO + hν

Dark Organic Aerosol Formation UV Lights On
OH Aging via HONO
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• Very similar result in CMU chamber.

[Henry, et al., in prep]
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CMU HOOH + hν (360 nm)

Dark Organic
Aerosol Formation

UV Lights On
OH Aging via HOOH
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Holy Crap?!
• Shrink using HOOH + UV as OH source.
(Note – all CMU results based on AMS Org:Sulfate.) [Henry, et al., in prep]
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CMU TME + O3 + hν (360 nm)
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Aerosol Formation
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• UV halts growth using TME + O3.

[Henry, et al., in prep]
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CMU HONO + hν (360 nm)

Dark Organic
Aerosol Formation

UV Lights On
OH Aging via HONO
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I lied.
• HONO at CMU is not identical to PSI.
• SOA shrinks again after long exposure (less OH after 1st hr).

[Henry, et al., in prep]
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2-D Model
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• Model reproduces broad features of data.
• Most products fragment (O:C(1/6)).

[Donahue, et al., in prep]
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2D-VBS as Diagnostic
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• A “skew-T” diagram for OA lab and field data.
(BBSOA involves substantial fragmentation).

[Kroll et al.,Nature Chem., submitted; Donahue et al., x3, in prep]
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What Happens in the Remote Atmosphere?
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• FAME-08 OA composition.
• By May-June OH levels in eastern Mediterranean very high.
• All OA in FAME 08 highly oxidized (LV-OOA), no matter what source.

− Mean fraction f44 = 0.18, so OSc ' +0.3.
[Hildebrandt et al., ACPD 2010]
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Lagrangian Model with 2D Basis Set

• FAME-08 OA composition.

[Murphy et al., in preparation]
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Lagrangian Model with 2D Basis Set

• Comes close on OA levels and oxidation state.

[Murphy et al., in preparation]
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Lagrangian Model with 2D Basis Set

• Distribution still a little low in O:C.
• Still - 1 bin mechanism, so OA too volatile.
• Kernel constrained by above experiments in progress.

[Murphy et al., in preparation]
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Conclusions

• OA incredibly dynamic, photochemically active in gas phase,

• Photochemical sources and sinks of OA will be needed (OA is an intermediate),

• OA aging is a vital (dominant) part of OA behavior,

• Eastern US has large anthropogenic and biogenic SOA contributors, they mix.

• We have a framework to describe all of this – some of the pieces are in place.

• 30 papers: 10 published, 5 submitted, 15 in preparation...
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